[1] New major and trace element and Sr, Nd, and Pb isotope data, together with 39 Ar-40 Ar ages for lavas from the extinct Galapagos Rise spreading center in the eastern Pacific reveal the evolution in magma compositions erupted during slowdown and after the end of active spreading at a mid-ocean ridge. Lavas erupted at 9.2 Ma, immediately prior to the end of spreading are incompatible element depleted mid-ocean ridge tholeiitic basalts, whereas progressively younger (7.5 to 5.7 Ma) postspreading lavas are increasingly alkalic, have higher concentrations of incompatible elements, higher La/Yb, K/Ti, 87 Sr/ 86 Sr, and lower 143 Nd/ 144 Nd ratios and were produced by smaller degrees of mantle melting. The large, correlated variations in trace element and isotope compositions can only be explained by melting of heterogenous mantle, in which incompatible trace element enriched lithologies preferentially contribute to smaller degree mantle melts. The effects of variable degrees of melting of heterogeneous mantle on lava compositions must be taken into account when using mid-ocean ridge basalt (MORB) to infer the conditions of melting beneath active spreading ridges. For example, the stronger "garnet signature" inferred from Sm/Nd and 143 Nd/ 144 Nd ratios for postspreading lavas from the Galapagos Rise results from a larger contribution from enriched lithologies with high La/Yb and Sm/Yb, rather than from a greater proportion of melting in the stability field of garnet peridotite. Correlations between ridge depth and Sm/Yb and fractionation-corrected Na concentrations in MORB worldwide could result from variations in mantle fertility and/or variations in Copyright 2011 by the American Geophysical Union 1 of 21 the average degree of melting, rather than from large variations in mantle temperature. If more fertile mantle lithologies are preferentially melted beneath active spreading ridges, then the upper mantle may be significantly more "depleted" than is generally inferred from the compositions of MORB.
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[1] New major and trace element and Sr, Nd, and Pb isotope data, together with 39 Ar- 40 Ar ages for lavas from the extinct Galapagos Rise spreading center in the eastern Pacific reveal the evolution in magma compositions erupted during slowdown and after the end of active spreading at a mid-ocean ridge. Lavas erupted at 9.2 Ma, immediately prior to the end of spreading are incompatible element depleted mid-ocean ridge tholeiitic basalts, whereas progressively younger (7.5 to 5.7 Ma) postspreading lavas are increasingly alkalic, have higher concentrations of incompatible elements, higher La/Yb, K/Ti, 87 Sr/ 86 Sr, and lower 143 Nd/ 144 Nd ratios and were produced by smaller degrees of mantle melting. The large, correlated variations in trace element and isotope compositions can only be explained by melting of heterogenous mantle, in which incompatible trace element enriched lithologies preferentially contribute to smaller degree mantle melts. The effects of variable degrees of melting of heterogeneous mantle on lava compositions must be taken into account when using mid-ocean ridge basalt (MORB) to infer the conditions of melting beneath active spreading ridges. For example, the stronger "garnet signature" inferred from Sm/Nd and 143 Nd/ 144 Nd ratios for postspreading lavas from the Galapagos Rise results from a larger contribution from enriched lithologies with high La/Yb and Sm/Yb, rather than from a greater proportion of melting in the stability field of garnet peridotite. Correlations between ridge depth and Sm/Yb and fractionation-corrected Na concentrations in MORB worldwide could result from variations in mantle fertility and/or variations in 1. Introduction [2] Numerous studies of the lavas erupted at active mid-ocean spreading ridges have shown that even in the absence of nearby hot spots, the upper mantle is chemically and isotopically heterogeneous. At most spreading ridges, a spectrum of lava compositions is observed, ranging from highly depleted lavas (NMORB) with low 87 Sr/ 86 Sr, high 143 Nd/ 144 Nd, low concentrations of incompatible elements, and lower ratios of more to less incompatible elements (e.g., La/Sm), to rarer, highly enriched mid-ocean ridge basalt (EMORB) with high concentrations of incompatible elements, high Nd. The enriched isotopic characteristics of EMORB indicates that these heterogeneities may have "ages" of a few hundred Myr [e.g., Donnelly et al., 2004] . The origin of these heterogeneities is debated, but they may have an origin in recycled material that was metasomatised by small degree melts, either in the lowermost oceanic lithosphere close to spreading ridges, or in the mantle overlying the slab at subduction zones [Niu et al., 2002; Donnelly et al., 2004; Pilet et al., 2005] . The distribution of compositions is skewed, such that the more enriched EMORB make up a smaller proportion of the lavas erupted at most ridges, and the log distribution of concentrations of highly incompatible elements such as Th is approximately normal [Arevalo and McDonough, 2010] . The enriched material apparently makes up a small volume of the upper mantle, possibly in the form of "veins" or streaks, but may contain significantly higher concentrations of the most incompatible elements compared to the enclosing depleted matrix [Batiza and Vanko, 1984; Sleep, 1984; Zindler et al., 1984; Prinzhofer et al., 1989] .
[3] Several lines of evidence suggest that enriched mantle lithologies may have lower solidus temperature than the more depleted matrix, and so are preferentially tapped at low degrees of melting [Sleep, 1984; Prinzhofer et al., 1989; Ito and Mahoney, 2005a] . Lavas erupted at intratransform spreading segments in the Garrett Fracture Zone, interpreted to result from melting of mantle that recently underwent melt extraction beneath the adjacent spreading ridge, have trace element and isotope compositions that are more depleted than lavas from neighboring ridge segments . Conversely, lavas believed to result from small degrees of mantle melting tend to have more enriched incompatible trace element and isotope compositions [e.g., Haase, 1996; Janney et al., 2000; Regelous et al., 2003; Hirano et al., 2006; Konter et al., 2009; Castillo et al., 2010] . Clinopyroxenes in residual abyssal peridotites tend to have more radiogenic Nd isotope compositions than those of lavas from the same section of ridge, consistent with preferential melting-out of eclogite or pyroxenite with lower Sm/Nd and 143 Nd/ 144 Nd ratios during decompression melting [Salters and Dick, 2002] . Although these observations could be explained by melting of heterogeneous mantle in which enriched lithologies melt to a greater extent than more depleted lithologies, such "nonmodal" melting has not been convincingly demonstrated. Yet if this process is important during mantle melting beneath spreading ridges, then melting models that assume that the mantle is homogenous at the scale of the melting region [e.g., Klein and Langmuir, 1987; Salters and Hart, 1989; McKenzie and O'Nions, 1991; Spiegelman and Elliott, 1993] are unlikely to be realistic.
[4] Fossil spreading ridges, formed when active spreading centers are abandoned, may continue to erupt magma for several million years after plate separation has ceased [Batiza, 1977; Batiza et al., 1982; Batiza and Vanko, 1985; Davis et al., 2002; Clague et al., 2009; Haase et al., 2011] . Previous geochemical studies of the youngest lavas erupted at fossil spreading ridges have shown that many are EMORB, with highly enriched trace element and isotope compositions [Batiza and Vanko, 1985; Bohrson and Reid, 1995; Choe et al., 2007; Choi et al., 2008; Clague et al., 2009; Castillo et al., 2010; Haase et al., 2011; Tian et al., 2011] . Postspreading lavas erupted at fossil ridges may therefore preserve the purest expression of the EMORB source among all oceanic basalts away from hot spots, and they apparently result from smaller degrees of mantle melting of the same "normal" mantle that melts beneath actively spreading ridges to produce MORB. The compositions of postspreading lavas may therefore give unique insights into the effects of mantle heterogeneity and the degree of mantle melting on the compositions of melts erupted at spreading ridges [Batiza, 1989; Castillo et al., 2010] . On many fossil ridges, the compositions of these postspreading lavas vary systematically with age at a given location [e.g., Castillo et al., 2010; Haase et al., 2011] , and may therefore potentially be used to infer changes in the degree and depth of melting during slowdown and eventual cessation of spreading.
[5] We present here new major and trace element and Sr, Nd, Pb isotope data, and 39 Ar- 40 Ar ages for lavas erupted during the late spreading and postspreading stages of the extinct Galapagos Rise spreading center.
Tectonic Setting and Sample Locations
[6] The Galapagos Rise is an extinct (fossil) spreading center located on the Nazca Plate in the southeastern Pacific [Menard et al., 1964] . Spreading at this ridge, between the Nazca Plate to the east and the Bauer Microplate to the west, began 18.5 Ma ago, but was abandoned approximately 12 Myr later when spreading was transferred to the East Pacific Rise, 900 km to the west (Figure 1 ). Until spreading ceased, the Galapagos Rise at 10°S was a fast spreading ridge with an average spreading rate of 170 mm/yr. Spreading is estimated to have slowed dramatically at about 6.5 Ma, and the ridge was finally abandoned at the time of Bauer Microplate capture by the Nazca Plate at 5.8 Ma, based on bathymetric and magnetic data [Anderson and Sclater, 1972; Herron, 1972; Mammerickx et al., 1980; Eakins and Lonsdale, 2003] . [7] During R/V Sonne cruise SO-160, a detailed bathymetric survey and sample dredging program was carried out along three ridge segments of the Galapagos Rise, each approximately 50 km in length, between the Dana Fracture Zone to the south and the South Gallego FZ to the north [Haase et al., 2002] . The southern end of the northernmost segment is characterized by an axial rift, up to 4700 m deep, with a sigmoidal shape (Figure 2) . A characteristic nodal deep and an inside corner high occur at the former ridge-transform intersection at the southern end of this segment (Figure 2 ). This type of ridge-transform morphology is typical of slow spreading ridges and is rarely observed at fast spreading ridges, confirming that the spreading rate on the Galapagos Rise slowed dramatically prior to extinction. A similar change in ridge morphology occurred shortly before the abandonment of the Mathematician Ridge [Batiza and Vanko, 1985] .
[8] South of the transform offset at approximately 10°S, the Galapagos Rise has a very different morphology. No axial rift is observed, instead an axial ridge is present, which at its northern end rises about 2500 m above the surrounding seafloor to within 500 m of sea level (Figure 2 ). The ridge is capped by volcanic cones with heights of several hundred meters; similar cones occur on the flanks of the ridge and on the surrounding seafloor, and these are likely the youngest volcanic features of this ridge segment [Haase et al., 2002] . A second, less pronounced axial high is present immediately to the south of a small offset of the ridge at 10°55′S (Figure 2 ). The lack of tectonic disturbance of these younger ridge-centered volcanic features indicates that extension at the ridge axis had ceased at the time of their formation. Similar large, postspreading central volcanoes, elongated parallel to the former spreading axis and partially covering older structures have been reported from the Mathematician and Guadelupe fossil ridges in the North Pacific and the extinct Wharton Ridge in the northern Indian Ocean. Some volcanoes built on fossil ridges may become emergent (for example Guadalupe and Socorro Islands), but there is no evidence from either volcano morphology or the petrology of dredged samples that the summit of the large seamount on the Galapagos Rise at 10°24′ S was previously above sea level.
Samples and Analytical Methods
[9] During cruise SO-160, samples of volcanic rock were recovered by dredging from four locations along the deep axial rift in the northern part of the study area, and ten locations along the shallow axial volcanic ridge to the south (Figure 2) . A total of 42 of the freshest samples (13 from the axial rift, 29 from the axial ridge) were selected for analysis. Most lavas dredged from the rift are plagioclase, plagioclase ± clinopyroxene, or plagioclase ± olivine phyric, sparsely vesicular basalts, those dredged from the axial ridge and its flanks are mainly aphyric or sparsely plagioclase phyric, vesicular basalts. Fresh volcanic glass was present on many samples, and as far as possible, analyses were carried out on hand- Figure 2 . Bathymetric map of the Galapagos Rise fossil spreading axis between 9°20′ S and 11°20′ S, showing locations of dredged samples (red circles). Bathymetric contours are in 500 m intervals. A deep (>4000 m) axial rift characterizes the southern end of the northernmost segment (the Northern Rift), whereas an axial ridge is present on the two southern segments (Central and Southern ridges). The volcanic ridges show no evidence of tectonic disturbance and were therefore constructed after spreading had ceased, by lavas that filled the axial rift and constructed elongated seamounts that rise up to 2500 m above the surrounding seafloor to within 500 of sea level. The three samples dated in this study are from dredges 3DS, 14DS, and 19DS. picked glasses. Weathered surfaces were removed from whole-rock samples, which were then coarse crushed, washed thoroughly in deionized water, and powdered in an agate mortar.
[10] Major and trace element analyses were carried out at the Institut für Geowissenschaften at the Universität Kiel. For whole-rock major element analysis, 0.6 g of dried rock powder was mixed with lithium tetraborate and ammonium nitrate, fused to a homogenous glass bead, and analyzed using a Phillips PW1400 XRF spectrometer calibrated against international rock standards. Magnesium numbers (Mg# = 100 × Mg 2+ /(Mg 2+ + Fe 2+ )) were calculated assuming FeO = 0.86 × FeO TOTAL . Major element compositions of glasses were determined by electron microprobe (JEOL 8900 Superprobe). For glass analyses, a 12mm defocused beam at 15nA beam current and 15kV acceleration was used. The instrument was calibrated against natural glass standards, and precision and accuracy for the VG-2 standard were better than 1% for all major elements. Trace element concentrations of both glass and whole-rock samples were determined using an upgraded PlasmaQuad ICP-MS following the procedure outlined by Garbe-Schönberg [1993] . Glass samples were washed in ultrapure water in an ultrasonic bath before analysis. Accuracy was checked using international rock standards (data for BHVO-1 are given for reference in Table 1) , and the external precision for most elements was better than 5%.
[11] Before dissolution for isotope measurements, rock powders were leached for 1 h in hot, ultrapure 6M HCl, then washed thoroughly with ultrapure water. Glass samples were washed but not leached before dissolution. Ion exchange techniques used for Sr, Nd and Pb separation are described by Hoernle and Tilton [1991] . Sr and Pb isotope measurements were carried out at the GEOMAR Kiel, using a Finnigan MAT 262 thermal ionization mass spectrometer in static mode. Nd isotope ratios were analyzed in dynamic mode on the same instrument. Todt et al. [1996] . Pb blanks were negligible (<50 pg).
[12] Three samples were selected for dating using the 40 Ar method. An acid-leached plagioclase separate from sample 14DS-2, and whole-rock portions of samples 3DS-1 and 19DS-1 were irradiated in the 1MW TRIGA reactor at Oregon State University for 6 h together with FCT-3 biotite (28.04 Ma) as flux monitor. Details of the analytical methods used are given by Koppers et al. [2003] and Duncan and Keller [2004] . Age plateaus and isochron ages (Table 2 ) were calculated using software described by Koppers [2002] .
Results

Ar-Ar Ages of Galapagos Rise Lavas
[13] Sample 3DS-1, from the shoulder of the deep rift at 9°24′ S (hereafter the Northern Rift) yielded an weighted plateau 40 Ar-
39
Ar age of 9.18 ± 0.44 Ma, which represents a maximum age for the abandonment of spreading, since by analogy with the volcanically active rift zone of the Mid-Atlantic Ridge the last lavas erupted on this ridge segment were likely emplaced within the rift floor. On the basis of bathymetric and magnetic data, spreading at the Galapagos Rise is estimated to have finally ceased at 6.5 Ma [Anderson and Sclater, 1972; Mammerickx et al., 1980; Eakins and Lonsdale, 2003] , which may indicate that lavas within the rift itself span an age range of 2-3 Ma.
[14] The two lavas from the volcanic ridge yielded significantly younger 40 Ar-
Ar ages. Sample 14DS-2, from the western flank of the larger, northern axial high centered at 10°24′ S (Central Ridge) has an age of 5.66 ± 0.88 Ma, whereas sample 19DS-1, which was dredged from the southern, smaller high along the axial ridge near 11°05′ S (Southern Ridge) yielded an age of 7.50 ± 0.60 Ma. There is no evidence that these younger volcanic features have been disrupted by faulting, which suggests that active spreading on this part of the Galapagos Rise ended at between 9.2 and 7.5 Ma. The youngest of the three ages reported here was obtained from the largest volcanic construction, and is probably a maximum age for the youngest flows, since this sample was dredged from the ridge flanks, rather than from the small cones close to the summit region which are likely to be the youngest volcanic features. Based on our new ages, 
Major and Trace Element Geochemistry
[15] New major and trace element data for Galapagos Rise lavas are listed in Table 1 . All samples recovered from the Northern Rift are tholeiitic basalts, with MgO concentrations of 6.22 to 8.61%. The 4 glass samples from dredges 3DS and 6DS lie on well-defined lines in major element diagrams, whereas whole-rock samples show more scatter, due to the effects of alteration or variable phenocryst contents (Figure 3 [16] Lavas from the Central and Southern ridges are alkalic basalts with lower MgO concentrations than the lavas from the Northern Rift. Highly evolved lavas, such as trachytes and rhyolites which have been reported from some postspreading structures located on other fossil spreading ridges [e.g., Batiza, 1977 Batiza, , 1989 Davis et al., 1995] are not among the samples we have analyzed from the Galapagos Rise. However, dredge 15DS from a cone on the summit recovered a fragment of apparently heavily altered trachyte [Haase et al., 2002] . Major element compositions of lavas from the Northern Rift and from the Central and Southern ridges overlap, but for a given MgO, lavas from the latter have lower SiO 2 , FeO, CaO, higher Al 2 O 3 , Na 2 O, and significantly higher K 2 O (Figure 3) . Lavas from the Central and Southern ridges are alkalic basalts with high concentrations of highly incompatible elements, and higher ratios of more to less incompatible elements, e.g., K 2 O/TiO 2 , La/Sm, Nb/Zr, compared to lavas from the Northern Rift (Figures 3 and 4) . The most enriched lavas have Th, Nb concentrations and Nb/Zr, La/Sm ratios that overlap with those of the most enriched East Pacific Rise (EPR) seamount lavas and extend to higher values (Figure 4 ). These lavas therefore include some of the most "enriched" examples of oceanic basalts not associated with longlived intraplate ("hot spot") magmatism. A very wide range of magma compositions was thus erupted at the Galapagos Rise axis within a 2 to 3 Ma period and over a distance of approximately 150 km; for instance Th and Nb concentrations in Galapagos Rise lavas vary by over 2 orders of magnitude ( Figure 4 ) despite a limited range in MgO and Mg#, and La/Sm and Nb/Zr ratios show a similar range to that found in EPR seamount lavas (Figure 4) , which encompass much of the range observed within MORB worldwide [Niu and Batiza, 1997] . [17] There is evidence that seafloor alteration and weathering may have affected the concentrations of more mobile elements in whole-rock samples. For example, the glass samples have Nb/U within the range of fresh oceanic basalts (43-47), whereas whole-rock samples have lower and more variable ratios of between 23 and 33. Whole-rock samples also have more variable Ce/Pb (11-26) and Ba/Rb (4.3-35; not shown) than those typical of fresh oceanic basalts (25 ± 5 and 11 ± 3, respectively), and are therefore likely to have gained U, Rb and Pb. Interestingly, both whole-rock and glass samples have relatively high Ba/Th and Ba/Nb ratios compared to most MORB, and so the relatively high Ba concentrations of lavas from the Northern Rift (Figure 3 ) are therefore apparently a primary feature unrelated to alteration. Nevertheless, in the Figure 5 ). Lavas from the Galapagos Rise thus display the entire range in Sr and Nd isotope composition observed on eastern Pacific spreading centers and near-ridge seamounts away from hot spots.
[19] Our new 40 Ar-39 Ar ages suggest that on the Galapagos Rise there was a systematic evolution of magmatism from incompatible element depleted, NMORB-type tholeiitic basalts toward more alkalic, incompatible element enriched lavas with higher 87 Sr/ 86 Sr and lower 143 Nd/ 144 Nd after spreading ceased. Although our geochronological data are limited, a similar temporal evolution in lava compositions has also been reported from the fossil Phoenix Ridge [Choe et al., 2007; Choi et al., 2008; Haase et al., 2011] , and fossil spreading centers off Baja California Sur [Tian et al., 2011] . On the Galapagos Rise, the postspreading lavas with the highest 87 Sr/ 86 Sr, 206 Pb/ 204 Pb and lowest 143 Nd/ 144 Nd also have the highest incompatible trace element concentrations, and the highest Nb/Zr, La/Sm and K 2 O/TiO 2 ratios (Figure 6 ).
Comparison With Lavas From Other Extinct Spreading Centers
[20] Geochemical data for lavas from other fossil spreading centers have been reported from the Math- ematician, Guadalupe and other extinct ridges in the NE Pacific, including associated subaerial islands [Batiza and Chase, 1981; Batiza and Vanko, 1985; Clague et al., 2009; Castillo et al., 2010; Tian et al., 2011] , the Antarctic-Phoenix Ridge in the Drake Passage [Choe et al., 2007 , Choi et al., 2008 Haase et al., 2011] , the Wharton Ridge in the northern Indian Ocean [Hébert et al., 1999] , as well as the Galapagos Rise [Batiza et al., 1982] . In many cases, the samples analyzed are from volcanic features which were clearly built after spreading ceased.
[21] Based on these previous studies and our new data for the Galapagos Rise, lavas erupted at extinct spreading centers have the following geochemical characteristics: they are generally more alkaline in composition compared to the tholeiites erupted at active spreading centers, and may include relatively evolved lavas such as trachyandesites and trachytes. The latter difference likely results from the lower magma supply rates beneath fossil spreading ridges (compared to active spreading centers) resulting in longer crustal residence times and greater degrees of fractionation. Postspreading lavas from fossil ridges tend to have higher concentrations of incompatible trace elements, and higher ratios of more to less incompatible elements (La/Sm, Nb/Zr, K 2 O/TiO 2 ); and generally more radiogenic Sr and less radiogenic Nd isotope compositions (Figure 7) . Postspreading magmatism on the Phoenix Ridge, like that on the Galapagos Rise, became increasingly enriched with time [Haase et al., 2011] . To some extent, the major and trace element characteristics of postspreading lavas could result from smaller average degrees of melting, resulting from less extensive mantle upwelling after spreading ceased. However, the isotopic differences also indicate a role for source heterogeneity, as discussed below. 22] There is evidence that lavas from the Northern Rift and from the Central and Southern Ridges have undergone fractionational crystallization of different mineral assemblages, and these differences must be taken into account before attempting to compare differences in mantle source composition and melting conditions between the two lava suites.
[23] Major element compositions of the Northern Rift lavas lie within the range of EPR MORB, and the major element variations are consistent with low-pressure fractionation of olivine + plagioclase ± clinopyroxene. Both CaO and Al 2 O 3 decrease with decreasing MgO (the relatively high Al 2 O 3 for a given MgO in 3 samples from dredge 3DS is likely due to plagioclase accumulation in these wholerock samples). In contrast, within Central and Southern Ridge lavas, Al 2 O 3 contents are much higher for a given MgO, and do not vary systematically with MgO (Figure 3 ), indicating that plagioclase fractionation was much less significant. Within these lavas, CaO correlates negatively with Al 2 O 3 ( Figure 3 ) and Sc correlates positively with MgO, consistent with a role for clinopyroxene ± olivine fractionation in the lavas from the Central and Southern Ridges. Both minerals are common phenocryst phases in these lavas. However, the scatter in major element composition indicates that the lavas cannot be related by crystallization along a single liquid line of descent from a common parental magma.
[24] The difference in fractionation behavior between magmas from the Central and Southern ridges and from the Northern Rift likely reflects a higher pressure of fractionation for the former. At higher pressures, the onset of clinopyroxene crystallization occurs at higher temperature [Presnall et al., 1979; Tormey et al., 1987] , resulting in a decrease in CaO and CaO/Al 2 O 3 with decreasing MgO in residual melts, and relatively high Al 2 O 3 for a given MgO [e.g., Eason and Sinton, 2006] . On a global scale, average pressures of MORB crystallization are negatively correlated with ridge spreading rate [Michael and Cornell, 1998 ], and high-Al 2 O 3 MORB which are inferred to have undergone extensive clinopyroxene fractionation occur preferentially at ridge segment terminations and dying ridge segments, where high-pressure crystal fractionation is enhanced due to greater conductive cooling and lower magma supply [Michael and Cornell, 1998; Eason and Sinton, 2006] . [25] Most lavas from the Northern Ridge have lower Na 2 O and higher SiO 2 for a given MgO compared to lavas from the Central and Southern ridges (Figure 3) . The subparallel MgO-SiO 2 and MgONa 2 O arrays defined by synspreading and postspreading lavas indicate that these differences do not result from the differences in fractionation behavior discussed above. The Na 2 O and SiO 2 concentrations of primitive MORB magmas are both sensitive to the degree of mantle melting [Klein and Langmuir, 1987; Langmuir et al., 1992; Niu and O'Hara, 2008] ; melts produced by smaller degrees of mantle melting have higher Na 2 O, lower SiO 2 for a given MgO. Central and Southern Ridge lavas have higher Na 72 (Na 2 O concentrations corrected for the effects of low-pressure fractionation to Mg# = 72) and lower Si 72 values than the older Northern Rift lavas and most MORB from normal spreading centers (Figure 3 ). These differences can be explained if the younger, postspreading lavas result from smaller degrees of mantle melting. Significant changes in the average degree of mantle melting are expected during abandonment of a spreading ridge; the decreasing rate of mantle upwelling and the thickening lithosphere will both tend to result in a decrease in the average degree of melting with time. The changes in the thermal regime resulting from the slowdown of spreading on the dying Galapagos Rise therefore appear to have influenced both primary melt compositions and the subsequent fractional crystallization paths of these melts.
The Role of Mantle Heterogeneity
[26] To some extent, the variation observed in incompatible trace element ratios between lavas from the Northern Rift and from the Central and Southern ridges could also result from differences in the average degree and depth of melting. Qualitatively, smaller degrees of mantle melting at greater average pressure, with a greater proportion of melting occurring within the stability field of garnet peridotite, could account for the higher incompatible trace element concentrations, higher Nb/Zr, Nd/ 144 Nd ratios, and more radiogenic Pb isotope compositions than older lavas from the Northern Rift that were erupted immediately before spreading ceased. (a and b) The dotted line is the Northern Hemisphere Reference Line [Hart, 1984] . K 2 O/TiO 2 , La/Yb and lower Yb/Nd in postspreading lavas from the Central and Southern ridges, compared to the older lavas from the Northern Rift. However, the absolute range in concentration of highly incompatible trace elements (a factor of 100 for Th and Nb, Figure 4 ) and the large range in incompatible trace element ratios such as Nb/Zr, La/Sm and K 2 O/TiO 2 , cannot be explained by any reasonable range in the degree of melting of a homogenous mantle source. Instead, the correlations between incompatible trace element ratios and Sr, Nd isotope composition ( Figure 5 ) suggest that much of the variation in the former results from source heterogeneity.
[27] The variably depleted-enriched compositions of MORB erupted on individual spreading ridge segments is often attributed to mixing of normal, relatively depleted upper mantle with more enriched materials [e.g., Schilling et al., 1983; Castillo et al., 2000] . However, simple mixing processes are unable to explain the compositional variation within lavas from the Galapagos Rise. Two-component mixing of melts derived from lithologically distinct enriched and depleted mantle lithologies will result in linear arrays in the La/Nd-Yb/Nd and La/Yb-Sm/Yb diagrams, whereas the Galapagos-EPR data define curved arrays (Figure 8 ). For the same reason, melting of a source composed of two different lithologies, which are mixed in variable proportions (mixing of sources) but which both melt to the same extent, also cannot explain the observations. Instead, variable degrees of melting of a two-component mantle in which different lithologies have different trace element and isotope compositions but also different melting behavior may best account for the chemical and isotopic variation within Galapagos Rise lavas, as discussed in more detail below. 
Melting of a Two-Component Mantle
[28] Hirschmann and Stolper [1996] , Phipps Morgan [1999, 2001] , Mahoney [2005a, 2005b] , Pearce [2005] , and Stracke and Bourdon [2009] have modeled quantitatively the effects of melting a mantle consisting of two or more chemically and isotopically distinct lithologies having different solidus temperature and melt productivity. As mantle upwells, these lithologies intersect their solidus temperatures at different times, and depending on their abundance and melt productivity, the more fertile components may become exhausted before reaching the top of the melting column. As they melt, more fertile lithologies extract heat from the surrounding more refractory lithologies, inhibiting melting of the latter; once more refractory lithologies do begin to melt, the remaining fertile materials may stop melting [Phipps Morgan, 2001] . A consequence of this behavior is that the resulting melting paths in figures such as Figures 8a-8d may be curved, kinked or discontinuous, as different lithologies begin to contribute to the instantaneous melt composition or become exhausted with increasing melt fraction. Another feature of such "melt extraction trajectories" [Phipps Morgan, 1999] is that because less than the total number of lithologies may undergo melting at any time, the range in composition of the melts produced with progressive melting is greater than would be the case if all lithologies contributed equally to the melt, although the pooled melts extracted from the melting column will generally have compositions that are intermediate between the end-member lithologies [Phipps Morgan, 1999; Pearce, 2005; Stracke and Bourdon, 2009] . In addition, Mahoney [2005a, 2005b] have shown that differences in the mantle flow field within the melting region have a significant influence on the relative amount of melt that is extracted from enriched and depleted lithologies.
[29] As discussed above, the major and trace element compositions of Galapagos Rise lavas together with the new 40 Ar- 39 Ar ages indicate that the youngest lavas result from smaller degrees of mantle melting. During abandonment of a spreading ridge, the average degree of mantle melting is in fact expected to progressively decrease with time as the mantle upwelling rate slows and the overlying lithosphere thickens by conductive cooling [Choe et al., 2007; Choi et al., 2008] . Lavas produced by lower degrees of melting of heterogeneous mantle will contain a larger contribution from more fertile lithologies which are expected to have higher incompatible element concentrations, higher 87 Figure 4) . 87 Sr/ 86 Sr, lower 143 Nd/ 144 Nd which has a lower solidus temperature and melt productivity than the surrounding more refractory lithology. We examine the range of melt compositions produced during variable degrees of melting of this source material using the melting model of Stracke and Bourdon [2009] . [30] The results are shown in Figure 8 . Although the combination of model parameters we have used to calculate the melt extraction paths in Figure 8 are nonunique, the results of the modeling do show that variable degrees of melting of a two-component mantle can explain many aspects of the geochemistry of Galapagos Rise lavas. In particular, such models can reproduce the large variations in the ratios of highly incompatible elements, and the correlated variations in incompatible trace element and isotope ratios, which cannot be explained by melting of a homogenous mantle source. At progressively smaller degrees of melting, fertile enriched materials increasingly dominate melt compositions, and the resulting melt evolution trajectories can reproduce the curved data arrays defined by Galapagos Rise lavas in Figure 8 . A similar temporal evolution of lava chemistry is observed in postspreading lavas from the extinct Phoenix Ridge in the Drake Passage [Choe et al., 2007; Choi et al., 2008; Haase et al., 2011] , and the fossil spreading centers off Baja California Sur [Tian et al., 2011] . The chemical and isotopic evolution of postspreading lavas from fossil ridges may therefore represent some of the strongest evidence that the normal mantle beneath spreading ridges is highly heterogeneous on a length scale that is small relative to the size of the melting region. At actively spreading ridges, the average degree of melting is greater and melts are more efficiently mixed on their way to the surface, with the result that the composition of lavas erupted at active spreading ridges will provide a less accurate record of the degree of mantle heterogeneity. Nevertheless, the effects of source heterogeneity must be taken into account when using MORB to infer the composition of the mantle, as discussed in section 5.3.
[31] The highly variable Galapagos Rise lavas were erupted within a period of about 3.5 Myr, over a distance of 150 km, confirming the view that the upper mantle away from hot spots is highly heterogeneous. Thus at least on fossil ridges, large seamounts composed of EMORB can apparently be produced by small degrees of melting of normal upper mantle, in the absence of any nearby hot spot or plume.
Mantle Upwelling and Melting Beneath Spreading Ridges
[32] Lavas from fossil ridges provide an opportunity to examine the processes of mantle melting during slowdown of spreading and in the absence of plate separation and can potentially give insights into the nature of mantle upwelling beneath actively spreading ridges. The degree to which mantle upwelling beneath mid-ocean ridges is "active" rather than merely a passive response to plate separation has been extensively debated. Passive upwelling of mantle is an expected consequence of plate separation [Spiegelman and McKenzie, 1987; Phipps Morgan et al., 1987] , and the wide melt-containing zone beneath the EPR identified during the MELT experiment is consistent with upwelling driven by plate separation [The Melt Seismic Team, 1998 ]. However, some degree of active upwelling is predicted to result from "melting-induced buoyancy," due to thermal expansion and the presence of a melt phase and less dense residual peridotite [Sotin and Parmentier, 1989; Parmentier and Phipps Morgan, 1990] . It has also been proposed that variable, active mantle upwelling beneath mid-ocean ridges augments the passive upwelling and is responsible for ridge segmentation, with more active deep upwelling and greater melt production beneath ridge segment centers [Macdonald et al., 1988; Buck and Su, 1989; Scott and Stevenson, 1989; Lin et al., 1990] .
[33] On most fossil ridges, the transition from normal spreading to no spreading apparently took place within about 1 Myr [Batiza, 1989) , whereas postspreading magmatism occurs over timescales of 2-9 Myr after spreading ceased [Batiza and Vanko, 1985; Batiza, 1989; Bohrson and Reid, 1995; Choe et al., 2007; Clague et al., 2009; Haase et al., 2011;  this study]. Once formed, melt is efficiently extracted from the mantle within 10 3 -10 5 years [e.g., Stracke et al., 2006] , and so the age range of postspreading lavas requires a process that can actively generate melt over a period of up to 9 Myr after spreading ends. Castillo et al. [2010] proposed that beneath the thickening oceanic lithosphere at a fossil spreading center, melting in the absence of plate separation may result from (1) residual mantle upwelling due to the combined buoyancy effects of thermal expansion, melt depletion, and the presence of small melt fractions, or (2) melting of fertile lithologies as the thinner lithosphere at the fossil ridge drifts over previously undepleted mantle. At a fossil ridge, conductive cooling will erase significant differences in lithosphere thickness over a period of several tens of Myr after spreading Nd ratio of the sample and assuming a 2Gyr mantle model age, and (Sm/Nd) m is the measured Sm/Nd ratio [Salters, 1996] . Two-component mixing of melts or sources result in linear arrays on these diagrams; the curved arrays defined by the Galapagos Rise lavas in Figures 8a-8c therefore cannot be explained by simple mixing of melts or by melting of two-component mantle in which enriched and depleted lithologies are mixed in variable proportions but contribute equally to melting. The negative correlation of 143 Nd/ 144 Nd with dSm/Nd is unexpected if dSm/Nd values are controlled only by the proportion of melting within the stability field of garnet. Instead, the trace element and isotope variations in Galapagos Rise lavas can be reproduced by variable degrees of melting of a mantle source consisting of different lithologies which melt at different rates. Curves show range in pooled melt compositions produced by variable degrees of fractional melting (residual porosity 0.1%) of a two-component mantle source, calculated using the method of Stracke and Bourdon [2009] . In this model, the source mantle contains "veins" of a volumetrically minor lithology ("pyroxenite"), which has higher incompatible trace element concentrations and higher La/Yb and Sm/Yb and lower Yb/Nd and 143 Nd/ 144 Nd than the enclosing peridotite matrix. The pyroxenite has a lower solidus temperature and therefore contributes more to melting at low melt fractions, compared to the more refractory matrix, which begins melting at a slightly lower pressure. In Figures 8a-8d , the resulting melt evolution paths are curved because with increasing degree of melting, the contribution to the pooled melt from the more fertile component with high incompatible trace element concentrations and high La/Nd and low Yb/Nd and 143 Nd/ 144 Nd progressively decreases. Melting functions, source mineralogy, and partition coefficients are taken from Stracke and Bourdon [2009] ; numbers on the melting curves in Figures 8a-8d indicate the depth to the top of the melting column. Given the number of variables in these melting models, we have not attempted to adjust these parameters so as to perfectly reproduce the Galapagos Rise data set; rather the purpose of the modeling is to show that in contrast to binary mixing of end-member melt compositions, melting of heterogeneous mantle can produce curved arrays on these diagrams. Data for lavas from the EPR and Pacific near-ridge seamounts are shown for comparison (data sources are the same as for Figure 4) . trols the location of postspreading magmatism, melting would be expected to occur preferentially at transform offsets, where differences in lithosphere thickness are most pronounced, and where upwelling resulting from movement of the lithosphere over the upper mantle would be concentrated. Batiza [1989] stated "…at the Mathematician and Guadelupe failed rifts, abundant postabandonment alkalic volcanism is found at failed rift-transform intersections…," but this does not appear to be the case along the Galapagos Rise [Eakins and Lonsdale, 2003] , nor along sections of other fossil ridges which have been mapped in detail. It is possible that Batiza and Vanko [1985] may have mislocated the ridge axis along several of these fossil spreading centers due to the limited bathymetric data available at that time [Tian et al., 2011] . More recent studies have shown that there is apparently a tendency for postspreading magmatism to construct axial seamounts away from segment ends [Choe et al., 2007; Haase et al., 2011; Tian et al., 2011] . On the Galapagos Rise, bathymetric, magnetic and altimetric data show that elongate seamounts are present along much of the fossil ridge axis, with smaller, isolated seamounts nearer to segment ends and close to transforms [Eakins and Lonsdale, 2003] . There is no evidence for significant postspreading magmatism on the ridge segments immediately north or south of the large-offset South Gallego Fracture Zone, where young, thin lithosphere is juxtaposed against much older, thicker lithosphere.
[34] On the Galapagos Rise, the discontinuous distribution of postspreading magmatism, and its apparent concentration at the former ridge axis and closer to segment centers is more consistent with an origin from active mantle upwelling, either resulting from a component of active 3-D mantle flow or driven by the buoyancy of melt-depleted residual mantle beneath the ridge. In the latter case, the volume and duration of postspreading magmatism might be related to the degree of prior melt depletion. Haase et al. [2011] observed a possible correlation between the volume of postspreading volcanoes on fossil ridges and the former spreading rate of the ridge. If the degree of mantle melting beneath spreading ridges is related to spreading rate [Niu and Hekinian, 1997] , such a correlation may indicate that melting-induced buoyancy is important. On the other hand, the duration of postspreading magmatism at fossil ridges (up to 8 Myr on Davidson Seamount [Clague et al., 2009] ) may be longer than can be accounted for by density contrasts resulting from prior melting, and indicate that a component of active, 3-D upwelling is responsible for continued magmatism on fossil ridges. The distribution and age range of postspreading lavas on fossil ridges therefore suggest that active upwelling contributes to the passive mantle upwelling beneath actively spreading ridges, especially close to segment centers. The lack of significant postspreading volcanism on the Northern Rift may result from less intense upwelling close to the major South Gallego Fracture Zone, or from less fertile mantle beneath this ridge segment, as also proposed to explain the discontinuous distribution of postspreading volcanism along fossil spreading centers elsewhere [Castillo et al., 2010] .
Implications for Chemical and Isotopic
Variation in Global MORB [35] We have shown that the range in incompatible trace element ratios such as La/Yb, Nb/Zr and K 2 O/TiO 2 in Galapagos Rise lavas is dominantly the result of variations in the degree of melting of a heterogeneous mantle. In this location, the effects of source heterogeneity are relatively large, due to the decreasing degrees of melting resulting from slowdown and cessation of spreading. Similarly heterogeneous mantle likely underlies much of the global spreading system, as indicated by the similarity of postspreading lavas on fossil ridges worldwide (Figure 7) , and highly variable lavas erupted on seamounts on the flanks of spreading ridges [Batiza and Vanko, 1984; Zindler et al., 1984; Niu and Batiza, 1997; Niu et al., 2002] . The larger degrees of mantle melting and more complete magma mixing effects beneath active spreading ridges result in less chemical and isotopic variation within MORB erupted at active ridges. However, variations in the degree of melting resulting from differences in the degree of upwelling or mantle temperature, or variations in the relative volumes and compositions of enriched and depleted lithologies could exert an influence on MORB chemistry both within individual ridge segments and between different sections of ridge. As a result, it may not be straightforward to infer the average depth and degree of melting beneath mid-ocean ridges based on the trace element variation within MORB.
[36] Nevertheless, numerous studies have attempted to estimate the approximate depth and degree of mantle melting beneath spreading ridges from the trace element compositions of MORB. For example, Salters [1996] found that MORB erupted on deeper sections of the MOR system tend to have a stronger garnet signal as inferred from the difference between Lu/Hf and Sm/Nd ratios of MORB and time- Nd. This observation apparently conflicts with the major element systematics of MORB, which have been interpreted to indicate that beneath shallow ridge segments the mantle is hotter and begins melting deeper, so that a greater proportion of the melt is generated within the stability field of garnet [Klein and Langmuir, 1987; Langmuir et al., 1992] . Salters [1996] therefore proposed that beneath deeper ridges the melting region is broader at its base, such that a greater proportion of melting occurs within the stability field of garnet. In contrast, beneath shallow ridges the melting region is inferred to extend to greater depths, but because it is columnar in shape a smaller proportion of the total melt is generated within the stability field of garnet [Salters, 1996] . In contrast, Shen and Forsyth [1995] argued that the variation in the apparent garnet signature is predominantly due to variations in the final depth (uppermost limit) of melting, which lies at greater depth beneath deeper ridge segments. A deeper final depth of melting could result from higher conductive cooling to the surface, or a lesser degree of mantle upwelling. Both parameters are expected to be affected by spreading rate, but there is no simple relationship between spreading rate and ridge depth. Another explanation for the Sm/Yb depth relationship [Shen and Forsyth, 1995] is that deeper ridges are underlain by more fertile, garnet-rich mantle, which upwells more slowly due to its higher density, thus causing melting to cease at a greater depth [Niu and O'Hara, 2008] . In this model, the melts produced at deep ridges have higher Sm/Yb because they are less diluted by melts of more refractory peridotite with low Sm/Yb [Niu and O'Hara, 2008] .
[37] Our new data for young postspreading lavas from the Galapagos Rise show that variations in the extent of melting of normal heterogeneous mantle have a very significant effect on the La/Yb, Sm/Nd ratios (and hence inferred garnet effect) of lavas erupted in this location. Salters [1996] and Shen and Forsyth [1995] attempted to correct for the effects of mantle heterogeneity on the REE compositions of MORB, but our results suggest that this may not always be successful. For example, Salters [1996] calculated dSm/Nd values for MORB, a measure of the difference between the measured Sm/Nd ratio in a lava and the time-integrated source Sm/Nd ratio inferred from Nd isotope compositions, and these dSm/Nd values were assumed to be related to the magnitude of the garnet effect during melting. However, dSm/Nd values of Galapagos Rise lavas are correlated negatively with 143 Nd/ 144 Nd ratios (Figure 8) , a relationship which is not expected if variations in dSm/Nd result only from the proportion of melting within the stability field of garnet. The compositional range of the Galapagos Rise lavas is similar to that of lavas from near-ridge seamounts on the flanks of the EPR, suggesting that a similarly heterogeneous mantle is widespread beneath the Pacific far from hot spots. The correlations of dSm/Nd and Sm/Yb with Na 8.0 , Na 72 and axial depth for spreading ridges worldwide [Salters, 1996; Shen and Forsyth, 1995] may therefore result from variations in either the average degree of melting of heterogeneous mantle, or the relative proportions of enriched to depleted lithologies, rather than the depth of melting relative to the spinel-garnet peridotite transition. Beneath deep ridges the average degree of melting is smaller, and/or the mantle is more enriched, so that a fertile component with high Sm/Yb contributes more to the total melt [Niu and O'Hara, 2008] . Lower degrees of melting at greater average depth beneath deep ridges could result from a lower degree of mantle upwelling [Shen and Forsyth, 1995; Niu and O'Hara, 2008] , or possibly from greater loss of heat to the surface due to hydrothermal circulation, which is predicted to penetrate to greater depths at deep ridges due to the higher hydrostatic pressure [Kasting et al., 2006] . [38] If more enriched mantle lithologies preferentially contribute to melting beneath active spreading ridges, then the isotopic composition of MORB will not faithfully record that of the upper mantle, as is commonly assumed. Instead, MORB compositions may be biased toward more radiogenic Sr, Pb and Os, and less radiogenic Nd and Hf compositions [e.g., Phipps Morgan, 1999; Stracke and Bourdon, 2009] , and a complementary "hidden" depleted component will be retained in the melting residues. The 143 Nd/ 144 Nd ratios of clinopyroxenes from abyssal peridotites extend to higher values than associated MORB [Snow et al., 1994; Salters and Dick, 2002; Cipriani et al., 2004; Warren et al., 2009] and Os isotope compositions of abyssal peridotites are less radiogenic than those of MORB [Harvey et al., 2006; Liu et al., 2008] ; accurate Hf and Pb isotope data for abyssal peridotites are needed to confirm this effect.
Summary and Conclusions
[39] We used major and trace element and Sr, Nd and Pb isotope data, together with 39 Ar- 40 Ar ages for lavas from the Galapagos Rise in the eastern Pacific, to investigate the evolution in magma compositions erupted during slowdown and after the end of active spreading on this fossil mid-ocean ridge. Magmatism on the Galapagos Rise continued for at least 2 Myr after active spreading ceased, and younger postspreading lavas are more alkalic, have higher concentrations of incompatible elements, higher La/Yb, K/Ti, 87 Sr/ 86 Sr, and lower 143 Nd/ 144 Nd ratios than lavas inferred to have erupted immediately before spreading ended. The very large range in trace element and isotope compositions cannot be explained by melting of a homogenous mantle source, or by two-component mixing of enriched and depleted end-member melts, or by melting of variably enriched mantle in which both enriched and depleted lithologies contribute equally to melting. Instead, the trace element and isotope variations can be produced by variable degrees of melting of a two-component mantle in which incompatible trace element enriched lithologies with lower melting temperature preferentially contribute to the melt at low degrees of melting. Postspreading lavas from the Galapagos Rise therefore contain a greater contribution from enriched mantle lithologies with lower Sm/Nd and 143 Nd/ 144 Nd, which yield melts with higher dSm/Nd, and do not necessarily require a greater proportion of melting in the stability field of garnet peridotite. Our results, combined with those from other fossil spreading centers and seamounts on the flanks of spreading ridges, provide clear evidence for a significant influence of variable degrees of melting of heterogeneous mantle on the chemical variation in lavas erupted at spreading ridges away from hot spots. This effect must be taken into account when using the compositions of MORB to infer the conditions of melting beneath active spreading ridges. We suggest that the correlations between ridge depth and dSm/Nd, Sm/Yb and fractionation-corrected Na concentrations in lavas for actively spreading ridges worldwide may result from variations in mantle fertility and/or variations in the average degree of melting, rather than large variations in mantle temperature. 
